Abstract: Pseudo-haptic feedback is a haptic illusion based on a mismatch of haptic and visual perception. It is well known from applications in virtual environments. In this work, we discuss the usabiliy of the principle of pseudo-haptic feedback for teleoperation. Using pseudo haptic feedback can ease the design of haptic medical teleoperation systems. Thereby a user's grasping force at an isometric user interface is used to control the closing angle of an end e ector of a surgical robot. To provide a realistic haptic feedback, the coupling characteristic of grasping force and end effector closing angle is changed depending on acting end e ector interaction forces.
Motivation
Haptic feedback can improve the performance of telerobotic surgery in terms of decreasing the time of a surgery and the trauma [1, 2] . Also, providing haptic feedback for teleoperation allows a surgeon to use his haptic sensation, instead of using vision only, to estimate the interaction forces of an end e ector in situ. This is supposed to reduce cognitive load of the surgeon. State of the art teleoperation systems including haptic feedback are commonly based on an impedanceadmittance system architecture [3] . This implies a masterslave structure. A user controls the slave robot by interacting with the master unit. The user sets a position or veloc-ity at the master. The slave follows the user's input. The force between the end e ector and tissue, resulting from the performed manipulation in situ, is measured. The measured forces are used to re ect haptic feedback to a user at the master unit. In this case, it is required that the dexterity of the master unit ts the dexterity of the slave robot. At least one sensor at the slave and one actuator at the master unit is required to provide haptic feedback for each degree of freedom of the teleoperation system. The integration of force sensors to the end e ector and implementing up to 7 actuators to the master input device, that are needed to provide full dexterity, enhances the complicity of a system. Also, the requirements concerning the dynamic behavior of the actuators rise with rising dexterity and workspace of the telerobotic system. With our work, we introduce the principle of pseudohaptic feedback as an option of re ecting haptic feedback of grasping forces of an end e ector without the necessity of a moving or active part in the master unit.
Application
Pseudo haptic feedback is well known from applications in virtual environments [4] [5] [6] . Di erent kinds of interaction and haptic behavior of virtual object can be simulated and fed back to the user by for example changing the resulting moving characteristics of a mouse curser dependent on special tasks or interaction. The haptic sensation of pseudo haptics bases on a haptic illusion resulting from the mismatch of haptic-and visual perception [4] [5] [6] . For the pseudo-haptic teleoperation, we assume a sti interface as input device (Figure 1 ). The input device is sensitive to the grasping force of the user (Fg). The closing angle of the end e ector (φ) is controlled by the user's grasping force. The acting interaction force at the end e ector (Fe) is measured. The relation between the grasping force and the end e ector is designed as a linear spring for Fe = to present the characteristics of an surgical forceps ( Figure 2 ). Based on interaction forces acting at the end e ector, the coupling characteristic of grasping force and end e ector closing angle is altered. For example the interaction with a linear compliance (Fe = /n · φ) results in a drop of the slope of the characteristic curve. Dependent on mechanical properties, the interaction with any kind of tissue leads to unique characteristic curves. The change of the coupling characteristic, depending on the case of interaction, causes a realistic haptic feedback. The haptic feedback perceived by the user results from the perceived di erence of grasping forces at the user interface needed to reach the same end e ector closing angle. The intensity and the rate of realism of the perceived sensation can be altered by using di erent coupling characteristics [8] .
Experiments
A compliance identi cation experiment is performed to verify the principle of pseudo-haptic teleoperation. An adjustable compliance is used as specimen to simulate different properties of tissue (Figure 3, b,c) . For the experiment the specimen's compliance is set to n =8 mm/N, n =4 mm/N and n =2 mm/N. The values are chosen with respect to the properties of muscles, relaxed (n ≈ mm/N) and contracted (n ≈ mm/N) [7] . A load cell is used as isometric user interface (Figure 3, a) . The end e ector displacement is controlled by the user's force excitation at the load cell. The end e ector bases on a linear moving axis with a force sensor at its tip. The signals of the force sensor at the end e ector is used to change the couple characteristic between the user's grasping force and the end e ector displacement. While performing the experiment, the subjects were asked to identify the three compliances (n . . . n ) only by analyzing their excited grasping forces to the load cell and the visual information of the resulting end e ector movement at the specimen. The experiment was performed with ten subjects, all of them were unprejudiced to what pseudo-haptic feedback is. Every subject was asked to perform 30 trails. The se-quence of presented compliances was chosen randomly. The results of the experiment are presented in a confusion matrix (Table 1) . The confusion matrix describes the number of perceived values in respect to the presented stimuli [9, 10] . The experiment shows that 77.3 % of all presented stimuli were perceived correctly. 47 % of the wrong identi ed stimuli were perceived as weaker and 53 % as harder than the stimuli presented. All subjects were able to di er between n and n without any mistake. In addition to the compliance identi cation experiment with the teleoperation system, all subjects were asked to repeat the experiment by using their nger directly at the compliance, to derive a reference value. Therefore, the subjects touched and displaced the compliance (Fig. 3 b,  c) by their nger directly, instead of the end e ector. With direct interaction 99.3 % of all presented stimuli were perceived correctly [11] . The result of the identi cation experiment without any technical devices in the perceptual channel, can be seen as gold standard for the maximum reachable performance for the identi cation of compliances with the presented setup.
Discussion and further work
The experiment shows the usability of pseudo haptic feedback for the discrimination of compliances. The compliances, chosen as stimuli in the experiment, derived from muscles compliances, allow the conclusion that the discrimination of di erent tissue is possible, too. While for rst experiments the chosen setup with de ned and time constant values is best to reach meaningful results, future experiments under more realistic conditions with tissue need to be performed. Compliance values of muscles were used for rst experiments. In future studies weaker material like liver or spleen with compliances up to 15 mm/N should be taken into account to derive information about the usability of pseudo-haptic feedback for very compliant tissue [12] . To give a surgeon the possibility to di er between characteristic material or tissue, the coupling characteristic of the grasping force at the user interface and the resulting end e ector closing angle can be adapted. Since the visual feedback is a very important factor of providing pseudo-haptic feedback, future studies need to take the intra operative sight in situ into account. In contrast to the presented setup of this work, during real surgery the end e ector might be covered for some time. Also di erent kinds of viewing angles and a scaling of displacements need to be considered.
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